Most stars form in a cluster environment. These stars are initially surrounded by discs from which potentially planetary systems form. Of all cluster environments starburst clusters are probably the most hostile for planetary systems in our Galaxy. The intense stellar radiation and extreme density favour rapid destruction of circumstellar discs via photoevaporation and stellar encounters. Evolving a virialized model of the Arches cluster in the Galactic tidal field we investigate the effect of stellar encounters on circumstellar discs in a prototypical starburst cluster. Despite its proximity to the deep gravitational potential of the Galactic centre only a moderate fraction of members escapes to form an extended pair of tidal tails. Our simulations show that encounters destroy one third of the circumstellar discs in the cluster core within the first 2.5 Myr of evolution, preferentially affecting the least and most massive stars. A small fraction of these events causes rapid ejection and the formation of a weaker second pair of tidal tails that is overpopulated by disc-poor stars. Two predictions arise from our study: (i) If not destroyed by photoevaporation protoplanetary discs of massive late B-and early O-type stars represent the most likely hosts of planet formation in starburst clusters. (ii) Multiepoch K-and L-band photometry of the Arches cluster would provide the kinematically selected membership sample required to detect the additional pair of disc-poor tidal tails.
INTRODUCTION
Observations in the past decade have shown that most young stars do not form in isolation but as part of a cluster environment (e.g. Lada & Lada 2003; Porras et al. 2003; Evans et al. 2009 ). The accretion discs of these stars are thus exposed to environmental effects that could affect their evolution (Richling & Yorke 1998; Hollenbach et al. 2000; Scally & Clarke 2001; Adams et al. 2004; Olczak et al. 2006; Pfalzner 2006; Pfalzner et al. 2006; Pfalzner & Olczak 2007; Clarke 2007; Olczak et al. 2010) . As these discs are the prerequisites for the formation of planetary systems this process might be influenced by the olczak@ari.uni-heidelberg.de 1 Max-Planck-Institut für Astronomie (MPIA), Königstuhl 17, 69117 Heidelberg, Germany 2 National Astronomical Observatories of China, Chinese Academy of Sciences (NAOC/CAS), 20A Datun Lu, Chaoyang District, Beijing 100012, China 3 The Kavli Institute for Astronomy and Astrophysics at Peking University (KIAA), Yi He Yuan Lu 5, Hai Dian Qu, Beijing 100871, China cluster environment. However, so far theoretical investigations about the effect of irradiation by massive stars or strong gravitational interactions have concentrated on low-and intermediate mass star clusters like IC348 or the Orion Nebula Cluster (ONC). Much more massive systems like NGC 3603, the Arches cluster or Westerlund 1 -known as starburst clusters -that are expected to trigger the strongest effects have not been treated. Considering the huge amount of massive stars and extreme densities, i.e. more than 100 O-stars and a core density 10 5 M pc −3 in the Arches cluster (Figer et al. 1999) , an extrapolation of the previous investigations towards starburst clusters would suggest that the lifetime of circumstellar discs could be shortened dramatically and so planet formation in such an environment hindered significantly.
However, recent observations of the Arches cluster in the near-infrared JKL bands by Stolte et al. (2010) have revealed emission from circumstellar matter around at least a few percent of stars in the mass range 2 − 20 M . This detection of discs in the Arches B-star population was surprising for two reasons. First, it is expected that the stars' UV radiation causes depletion of their own inner disc. Considering that the characteristic UV evaporation timescale of a primordial disc around Herbig Be stars is less than 1 Myr (Alonso-Albi et al. 2009 ), a disc lifetime of 2.5 Myr for B-type stars implies that the self-photoerosion of discs is probably less efficient than various models suggest (e.g. Hollenbach et al. 2000; Alexander 2008 ). Second, extrapolating from the above mentioned numerical studies of less massive clusters, in a starburst cluster environment disc destruction is expected to be much increased by external processes. The extreme UV radiation from numerous O-stars and gravitational interactions induced by the high stellar density could boost the removal of external disc material.
In the present investigation we focus on the mechanism of encounter-induced disc-destruction to constrain its contribution to the overall disc life time. We use simulations of the Arches cluster preformed by the starlab simulation package (McMillan 1996; Portegies Zwart et al. 2001; Hut 2003) and carry out the analysis of the disc-mass loss analogous to our previous publications referenced above. Hence this study of a massive cluster complements previous investigations of encounterinduced disc evolution in low-and intermediate-mass clusters (Scally & Clarke 2001; Adams et al. 2004; Olczak et al. 2006; Pfalzner 2006; Pfalzner et al. 2006; Pfalzner & Olczak 2007; Clarke 2007; Olczak et al. 2010) .
In contrast to the low-and intermediate-mass clusters in the solar neighbourhood the location of the massive Arches cluster near the Galactic centre exposes it to strong tidal fields. Therefore another difference to previous simulations is that our model includes the contribution of the Galactic tidal field. Stars escaping from a star cluster in the gravitational field of a galaxy form extended tidal tails known from various observations in the Milky Way (Grillmair et al. 1995; Kharchenko et al. 1997 ; Leon et al. 2000; Belokurov et al. 2006 ) and numerical models (Combes et al. 1999; Portegies Zwart et al. 2002; Capuzzo Dolcetta et al. 2005; Fellhauer et al. 2007 ). Except for high-speed escapers created in few-body encounters, stars escape as a result of two-body encounters passing at slow speed close to the saddle points of the effective potential, known as Lagrange points (Küpper et al. 2008) .
With our study we aim to investigate the evolution of the encounter induced-disc mass loss in a tidally distorted starburst cluster and its tidal arms. Of particular relevance is the work of Just et al. (2009) who use the epicycle theory for a quantitative analysis of the tidal tail structure of star clusters moving on a circular orbit in the Galactic disc. They find that the radial offset of a star's epicyclic motion relative to the orbit of the star cluster, ∆R 0 , is first order in the angular momentum, ∆L, while its radial amplitude r m depends on the energy excess, ∆E, which is of second order in ∆L: Just et al. (2009) conclude that the circumstances are more complicated near the Galactic Centre but to lowest order the theory is still applicable. Throughout this work we assume that initially all stars are surrounded by protoplanetary discs. This is justified by observations that reveal disc fractions of nearly 100 % in very young star clusters (e.g. Haisch et al. 2000; Lada et al. 2000; Haisch et al. 2001; Hillenbrand 2005 In Section 2 we outline the observationally determined basic properties of the Arches cluster that serves as a reference for our cluster models. The computational method and the properties of the numerical models are described in Section 3. Afterwards we present results from our numerical simulations in Section 4. The conclusion and discussion mark the last section of this paper.
PROPERTIES OF THE ARCHES CLUSTER
The Arches cluster is one of the most massive and densest young clusters in the Galaxy and harbors about 125 O stars (Figer et al. 1999) . Most of its stars have formed more or less simultaneously about 2.5 Myr ago (Najarro et al. 2004; Martins et al. 2008 ). The cluster is very compact with a core radius R c ≈ 0.15 pc (Espinoza et al. 2009 ), a half-mass radius R hm ≈ 0.4 pc (Figer et al. 2002; Stolte et al. 2005 ) and a tidal radius R t 1 pc (Kim et al. 2000) . Based on these size scales Espinoza et al. (2009) quote a concentration parameter c = log (R t /R c ) ≈ 0.84. This is equivalent to a King parameter W 0 ≈ 4 (e.g. Binney & Tremaine 1987) . In their detailed analysis Harfst et al. (2010) find that stars with m > 10 M are more concentrated due to mass segregation and best fit by a King profile with W 0 = 7.
The Arches cluster is located at a projected distance to the Galactic Center of only about 30 pc (Nagata et al. 1995) . Taking into account its three-dimensional space motion of 232 ± 30 km/s (Stolte et al. 2008) , numerical simulations suggest an eccentric orbit and a true presentday distance below 200 pc (Stolte et al. 2008 ; see also Portegies Zwart et al. 2002) . The internal motion of the cluster is characterized by a one-dimensional velocity dispersion of 5.4 ± 0.4 km/s (?). Note that these authors have refined the bulk proper motion of the Arches cluster that implies a slightly smaller space motion of 196 ± 17 km/s.
It is still under debate whether there is an overabundance of massive stars, i.e. an unusually flat ("topheavy") mass function, or if the mass function is truncated at masses well above the hydrogen burning limit (e.g. Stolte et al. 2005) . However, in their most recent work Espinoza et al. (2009) do not find any significant difference to the less massive star-forming regions in the solar neighbourhood. They derive a mass of about 3 × 10 4 M within the estimated half-mass radius (assuming the IMF of Kroupa 2001) and a core density of 2 × 10 5 M pc −3 . However, these estimates rely on counts of stellar masses above 10 M only. The same authors find evidence for mass segregation in the cluster (e.g. Stolte et al. 2005; Espinoza et al. 2009 ). Despite its young age this feature could be driven dynamically (Spitzer 1969; Farouki & Salpeter 1982) due to the Arches cluster's short half-mass relaxation time of only about 10 Myr (Kim et al. 2006; Portegies Zwart et al. 2007; Espinoza et al. 2009 ), though there is no consensus on the significance of the effect (e.g. Dib et al. 2007) .
Recently, Stolte et al. (2010) determined proper motions of hundreds of stars and simultaneously obtained deep L -band photometry of OB(A)-type stars for a precise and reliable estimate of the disc fraction. They detect 21 sources in the mass range ∼ 2-20 M with emission in excess of the expected photospheric flux, indicating the presence of circumstellar dust, and find evidence for three optically thick discs from CO band head emission. This finding implies a total disc fraction of 6 % ± 2 % within the observed mass range. The disc fraction increases with cluster radius from 2.7 % ± 1.8 % in the core (r < 0.16 pc) to 5.4 % ± 2.6 % at intermediate radii (0.16 pc < r < 0.3 pc) and 9.7 % ± 3.7 % outside (r > 0.3 pc).
COMPUTATIONAL METHOD

Dynamical cluster model
The dynamical model of the Arches cluster used here is based on the work of Harfst et al. (2010) who compared in detail the results of numerical simulations with observational data. They were able to constrain the initial conditions and found a best-fitting model as a function of five initial parameters: (i) mass function slope α, (ii) lower mass limit m low , (iii) number of massive stars N MS (with mass m > 20 M ), (iv) virial radius R vir , and (v) King parameter W 0 . We summarize the main properties of this model.
We assume the cluster is initially (at t = 0 Myr) gasfree and in virial equilibrium (i.e. the ratio of kinetic to potential energy is Q vir = 0.5) and that its mass is distributed according to a King profile (King 1966) . A single-aged stellar population is used and no initial mass segregation is taken into account. Primordial binaries are not included but we discuss their potential dynamical effects in Section 5. A grid of numerical models with varying initial parameters α, m low , N MS , R vir , and W 0 was evolved until the present-day age of the Arches cluster, t AC = 2.5 Myr, to find the best match with observational data.
According to the best-fitting models of Harfst et al. (2010) the initial slope α above 0.5 M is consistent with the IMF of Kroupa (2001) . The models also favour a narrow range for the initial number of massive stars N MS ≈ 150 − 200. However, the initial lower mass limit m low is not well constrained by their models and thus only allows to estimate a lower limit for the initial total mass M 4 · 10 4 M . The initial size of the cluster with R vir ≈ 0.7 − 0.8 pc is again well constrained. The corresponding core radius is about 0.4 pc initially, and shrinks, due the dynamical evolution of the cluster, down to the observed 0.2 pc. The best-fitting models have modest initial concentrations with W 0 = 3 − 5. In summary, the favoured fiducial model of the Arches cluster, which we will use here, is parametrized by N MS = 150, R vir = 0.7, and W 0 = 3. The total number of particles is N = 74153. Stellar evolution and the orbit of the Arches cluster in the Galactic center potential have been neglected in the simulations of Harfst et al. (2010) . Here we extend the fiducial model to lower stellar masses (m low = 0.1 M ) and include these two effects to generate two models: an "isolated" model I with stellar evolution only and an "orbital" model O with both stellar evolution and a realistic orbital motion of the cluster in the Galactic center potential.
The simulations were carried out with the direct Nbody integrator kira from the starlab package (McMillan 1996; Portegies Zwart et al. 2001; Hut 2003 ) that includes modules for stellar evolution and an external gravitational potential. The stellar evolution module accounts for mass loss by stellar winds and binary evolution (Eggleton et al. 1989; Portegies Zwart & Verbunt 1996; Tout et al. 1997; Langer 1998) . The external potential that was used in our simulations is that of a powerlaw mass function with M gal (r) = 4.25 · 10 6 (r[pc]) 1.2 M (Portegies Zwart et al. 2002) which is based on observations of the K-band luminosity function by Mezger et al. (1999) . Computations were accelerated using GPUs with the help of the Sapporo library (Gaburov et al. 2009 ).
The cluster orbit in the potential is given by the six phase-space coordinates at a given time. Five presentday (t AC = 2.5 Myr) coordinates of the Arches cluster are well known from observations: its line-of-sight velocity (95 km/s: Figer et al. 2002) , proper motion (190 km/s anti-parallel to the Galactic plane: Stolte et al. 2008) , and projected position (30 pc from the Galactic center: Nagata et al. 1995) . We define a coordinate system in which the x-axis is along the Galactic plane, the y-axis along the line-of-sight, and the z-axis towards the Galactic north pole, to obtain the following present-day position and velocity vectors of the cluster:
where we adopt d los = −100 pc as a probable value for the line-of-sight distance of the Arches cluster to the Galactic centre (Stolte et al. 2008) . Throughout the paper we use R GC = 8 kpc for the Sun's distance to the Galactic center Gillessen et al. 2009 ). The present-day phase space coordinates were used to numerically integerate the orbit backwards in time to find the initial position and velocity of the Arches cluster. From there, the full cluster was then integrated with kira for 6 Myr including the effects from stellar evolution. Its orbital motion is shown in Fig. 1 .
We point out that model I is the best-fitting initial model of the present-day Arches cluster from our set of isolated models. However, computational limitations did not allow to carry out a second parameter study of orbital models. Hence model O is just a modification of model I that is evolved on a realistic orbit around the Galactic Centre in the Galactic tidal field. As we will show later in Section 4.1 this modification has a strong effect on the internal dynamics of model O such that it becomes a less good model of the internal dynamics of the Arches cluster compared to model I.
Star-disc encounters
The key aspect of this work is the determination of the encounter-induced disc-mass loss in a starburst cluster environment. For this purpose two different types of numerical simulations have been combined. First, as part of previous work a parametrized fit of the relative disc- mass loss has been derived from a tree-code based parameter study of isolated star-disc encounters (Pfalzner et al. 2005 Olczak et al. 2010) . Using this fit formula, in a second step the individual relative disc-mass loss of star cluster members was determined from direct N -body simulations of star cluster dynamics, in which the encounter history of all stars was tracked. We outline the procedure in more detail below. Stellar encounters in dense clusters can lead to significant transport of mass and angular momentum in protoplanetary discs Pfalzner et al. 2006; Pfalzner & Olczak 2007) . In the present investigation we have used Eq. (1) from Pfalzner et al. (2006) to determine the encounter-induced relative disc-mass loss δm d of a star with mass M 1 and disc radius r d caused by a perturber with mass M 2 and pericentric distance r p :
Note that Eq. (3) is valid for low relative disc masses only, m d 10 −2 M 1 , implying negligible viscosity and self-gravity. We point out that in this limit the estimated relative disc-mass loss δm d is independent of the disc mass but depends on the disc radius. However, it represents an upper limit because the parameter study was restricted to co-planar, prograde, parabolic encounters that are the most perturbing. We note that Eq. (3) has been derived for discs with a fixed surface density profile Σ ∝ r −1 . Recently, Steinhausen et al. (2012) have shown that the shape of the disc-mass distribution has a significant impact on the quantity of the disc-mass and angular momentum losses in star-disc encounters. Maximum losses are generally obtained for initially flat distributed disc material.
To account for the reduced disc-mass loss in hyperbolic encounters with eccentricity ε > 1, we use the fit function of the median relative disc-mass loss, normalized to the parabolic case, as derived by Olczak et al. (2010) :
Note that this fit is only a compromise: by using the median we underestimate the effect of strong perturbations (i.e. those induced by close approaches of massive perturbers). However, as shown by Olczak et al. (2010) this type of interactions is expected to occur rarely in stellar systems as dense as the Arches cluster.
The pure stellar dynamical simulations of a cluster environment have been carried out with the direct N -body integrator kira as outlined in Sec. 3.1. The dynamical data of each particle (time t, mass M 1 , position r, and velocity v) have been dumped every ten individual integration time steps to create a high-resolution temporal grid of particle phase space vectors. Finally, this data set was parsed by a dedicated encounter tracking software to generate for each particle a record of interaction parameters with its strongest perturber (time t, particle mass M 1 , perturber mass M 2 , separation r, and eccentricity ε) at the beginning, the predicted pericentre passage, and the end of the interaction. The algorithmic basics of the procedure are described in detail in App. A.
In the remainder of the paper we will refer to normalized disc-massm d and normalized disc-mass loss ∆m d . Normalizing the disc-massm d ∈ [0, 1] is justified when using Eqs. (3) and (4) that are independent of the absolute disc mass as outlined above. The normalized discmass loss ∆m d is defined as the absolute loss of the normalized disc-mass,
In our approach a simplified prescription assigns stars into one of two distinct groups: if the accumulated normalized disc-mass loss ∆m d exceeds 0.9 (i.e. 90 % of the initial disc mass), stars are marked as "disc-less"; otherwise they are termed "star-disc systems". According to observations as outlined in Sec. 1 we fix the typical disc diameter of a solar mass star to be 300 AU and consider two different model distributions of the initial disc radii r d : i) scaling with stellar mass M 1 as r d = 150 AU M 1 /M , which is equivalent to the assumption of an equal force at the disc boundary, and ii) fixed disc radii r d = 150 AU. Whenever results are presented, we will specify which of these two distributions has been used. However, in the present study we focus on the latter model as no obvious correlation between disc radius and stellar mass was found from observations so far (see Vicente & Alves 2005) . Note that we make no specific assumption about the distribution of disc masses. As outlined before the normalized discmass loss ∆m d is independent of the absolute disc mass in the limit of low relative disc masses, m d 10 −2 M 1 , assumed here.
RESULTS OF NUMERICAL SIMULATIONS
For the two cluster models I and O a full mass distribution was generated according to the IMF published by Kroupa (2001) . Using these two models we provide in the following a detailed view on the dynamical evolution of young stars and their circumstellar discs in the Arches cluster.
Cluster dynamics
The orbital model O is a refined version of the isolated model I that is evolved on a realistic orbit around the Galactic Centre in the Galactic tidal field. It serves to analyze the evolution of the tidal features of the Arches cluster. However, unlike model I, model O is not the best representation of the internal dynamics of the presentday Arches cluster because it is not in a dynamical equilibrium state initially. The imposed Galactic tidal field acts as an additional energy source such that model O expands initially and re-bounces slightly before setting into an equilibrium state.
We demonstrate this effect in Fig. 2 . Initially, the core density n core of model O (black dotted line) drops rapidly by a factor of three, then rises slightly and afterwards remains roughly a factor of two below the value of model I (solid black line). The two lines are running parallel due to the logarithmic scale. An equivalent behaviour is seen for the half-mass radius (grey lines): the ratio of the half-mass radii remains at about 1.3 (that is a factor of two in volume) after the re-bounce. Note the divergence of the two lines due to the linear scale. Hence, after model O has reached dynamical equilibrium at ∼0.3 Myr the evolution of both models is dynamically equivalent over the remaining 5.7 Myr (or more than one hundred crossing times).
In particular do both models share the same characteristic local maximum of the core density n core at the present-day cluster age t AC ≈ 2.5 Myr. This time t AC marks as well the minimum of the 1 % Lagrangian radius and the formation of a massive binary. It is followed by a significant continuous expansion of the cluster as is evident from the evolution of the half-mass radius. These features are characteristic signatures of core collapse (Lynden-Bell & Wood 1968; Farouki et al. 1983) . We thus identify the expansion of the cluster after ∼2.5 Myr of dynamical evolution as its post-core-collapse phase.
Encounter dynamics
The main purpose of the present work is a realistic study of the encounter-induced disc-mass loss of stars in the Arches cluster by taking into account the external effect of the Galactic tidal field. However, we have demonstrated in the previous section that the dynamical model with tidal field, model O, is too extended compared to model I, our best-fitting isolated model of the observed properties of the Arches cluster. Consequently, the encounter rate of star-disc systems in the underdense model O is expected to be too low. Ignoring for a simplified dimensional argument the effect of gravitational focusing, the frequency of encounters with distance r decreases with increasing radius R of a self-gravitating system,
where n, σ, and Σ denote its density, velocity dispersion, and cross section with radius r. The nearly constant size ratio of models O and I over time, R = R O /R I ≈ 1.3, implies a roughly time-invariant ratio of encounter fre-
−7/2 ≈ 0.4. However, Eq. (6) shows that we can compensate for this difference by reducing the encounter distances r in the calculation of the disc-mass loss for model O by a factor F 1/2 ≈ 0.6. In fact, technically we have increased the standard disc radius for model O by F −1/2 to r d = 250 AU (see Sec. 3.2 for reference) and found a very good agreement between the encounter histories of models O and I.
As will be shown later the only significant difference in the effect of encounters between models O and I that can not be corrected for is gravitational focusing. Its strong dependence on stellar mass implies that the encounterinduced disc-mass loss of massive stars is reduced in model O. However, the general results for the entire cluster population are not much affected by the relatively rare interactions of high-mass stars as discussed in Sec. 3.2.
The overall effect of the encounter-induced disc-mass loss in the Arches cluster is shown in Fig. 3 . Here the temporal evolution of the cluster disc fraction (CDF) is plotted. Note that stars with a normalized disc-mass loss of more than 0.9 are defined as disc-less. The upper plot has been calculated using Eq. (3), restricted to parabolic encounters, while the bottom plot represents a more re- alistic scenario considering the eccentricity of encounters via Eq. (4). Here constant initial disc radii were assumed. From Fig. 3a one would expect that more than 80 % of all discs are destroyed after 2.5 Myr, and after 5 Myr basically no discs would have survived the repeating erosion by parabolic gravitational interactions. This scenario suggests that stellar encounters are potentially a very efficient disc destruction mechanism in starburst clusters that could suppress planet formation entirely. However, unlike for intermediate-mass clusters like the ONC the assumption of parabolic encounters is a strong simplification for dense stellar systems like the Arches cluster (see Olczak et al. 2010 ) and thus largely overestimates the disruptive effect on discs in this cluster. In hyperbolic encounters the interaction time between the encounter partners is shorter and thus reduces the transport of energy and angular momentum (see e.g. Ostriker 1994 ).
When we take the eccentricity of the stellar encounters into account (Fig. 3b) the effect on the disc-mass loss is much weaker, resulting in the destruction of 10 % of the discs in the entire cluster (here defined as two times the half-mass radius) and roughly 30 % in the core up to its present age. However, not only in the core but in the entire cluster the encounter-induced destruction of circumstellar discs does continue over the entire simulation time and leads to a fractional disc destruction of 25 % in the entire cluster and 50 % in the core after 6 Myr of dynamical evolution. The characteristic onset of expansion at ∼ 2.5 Myr as identified in Fig. 2 manifests itself in the kink of the core disc fraction in the bottom panel of Fig. 3 (grey line). The strong decrease in density reduces the stellar encounter rate and thus the rate of disc destruction.
We find that encounters of young star-disc systems in the Arches cluster can only destroy a minor fraction of all protoplanetary discs within a few Myr. The encounterinduced disc-mass loss is drastically reduced by a large fraction of highly eccentric fly-bys. The reason is that hyperbolic encounters typically result from chance encounters of low-and intermediate-mass stars while parabolic encounters are typically the outcome of significant gravitational focusing of low-mass stars by massive stars (Olczak et al. 2010) . The corresponding encounter rates f hyp and f par have very different scaling behaviour with the cluster density ρ: f hyp ∝ ρ 3/2 and f par ∝ ρ 1/2 . While the intermediate-mass ONC is dynamically balanced by hyperbolic and parabolic encounters (see Fig. 5 of Olczak et al. 2010) , in the roughly 20 times denser Arches cluster the fraction of parabolic encounters is less than 10 %. Hence the relative importance of gravitational focusing decreases very rapidly with increasing cluster density such that hyperbolic encounters become by far the dominant type of stellar interactions in a starburst cluster. This is demonstrated for our model O of the Arches cluster in Fig. 4 . Here we plot the number of encounters as a function of eccentricity for three different thresholds on the normalized disc-mass loss ∆m d (marked by different grey scales). About 73 % of all encounters (light grey) have large eccentricities ε > 10.
The following plots are thus based on calculations that take the eccentricity of the stellar encounters explicitly into account. In Fig. 5 we show the average normalized disc-mass loss as a function of stellar mass for two different initial disc radius distributions (see Sec. 3 .2) at the present age of the Arches cluster. The two plots show very similar distributions of models I and O. As discussed at the beginning of this section the only significant difference occurs at the highest masses (M > 40 M ). Their suppressed disc-mass loss for constant initial disc radii (black bars) in the two times sparser model O (Fig. 5b) is attributed to the less efficient gravitational focusing. So we will focus on the best-fitting model I for now (Fig. 5a) .
If we assume that disc radii are positively correlated with stellar mass (grey bars) then stellar encounters would act entirely destructive on discs of the most massive stars and least harmful at the lower mass end. However, in our preferred scenario of uncorrelated disc radii and stellar masses, stars in the mass range 10 − 30 M would suffer least encounter-induced disc-mass loss while the lowest and highest mass stars would lose two to three times more disc material, respectively. This result is analogous to simulations of the intermediate-mass ONC (see Pfalzner et al. 2006 ) yet for the much denser and more massive Arches cluster the average disc-mass loss is lowest for roughly three times more massive stars (see their Fig. 2) .
The reason for this minimum is a mass-dependent bivariate encounter history: For low-mass stars the mass- loss occurs either through a few strong parabolic encounter events with high-mass stars or frequent weak hyperbolic encounters with low-and intermediate-mass stars. High-mass stars lose their discs via a steady nibbling by many gravitationally focused encounters with stars of lower mass (Olczak et al. 2010) . For stars in the intermediate mass regime both interaction channels are reduced such that encounter-induced disc-mass loss is least efficient.
The distribution of the resultant disc-mass loss with distance from the centre of the Arches cluster at its present age is presented in Fig. 6a for model I. It confirms the expected decrease of the average normalized disc-mass loss with distance from the cluster centre as a consequence of the decreasing local density. However, beyond roughly two half-mass radii -the here used formal cluster boundary -the average normalized disc-mass loss rises again. This is the footprint of strong stellar interactions that occur preferentially in the central region of the cluster. These interactions increase simultaneously the normalized disc-mass loss and probability for a rapid ejection of the encountered star. The escape speed translates into distance from the cluster and explains its correlation with the normalized disc-mass loss outside the cluster boundary. This can be seen best for the group of high-mass stars (solid line): the peaks in the histogram at large distances trace single escapers with huge mass losses.
Unlike in model I, the radial distribution of the average normalized disc-mass loss in model O (Fig. 6b) does not show the characteristic increase outside of the cluster. This is because the sample is dominated by stars in the tidal tails of the cluster that do not require strong interactions to become unbound from the cluster and thus mostly do not suffer increased disc-mass loss before escape. Note that the lower disc-mass loss of the high-mass sample compared to model I is again a consequence of the uncompensated gravitational focusing in model O.
In the previous plots we have shown the evolution of the averaged disc-mass loss binned over different quantities. Next we present a more detailed picture by showing the evolution of the spatial distribution of the disc-mass loss on a star-by-star basis at 1 Myr, 2.5 Myr, and 6 Myr in Figs. 7 to 9. The bottom panel shows the full extension of the cluster, the two smaller top panels are zooms of 15 pc box half-width (left) and 3.5 pc box halfwidth (right), respectively. The grey scale represents the normalized disc massm d . In agreement with Figs. 3 and 6 the fraction of disc-poor stars (dark symbols) increases towards the cluster centre and with time. However, the most prominent features are the growing tidal tails formed by stars escaping from the cluster in the tidal field imposed by the Galactic potential. By the end of the calculation the entire structure extends over an arc of nearly 150 pc length (Fig. 9) .
However, we show in Fig. 10 that despite its proximity to the deep gravitational potential of the Galactic centre only about 5000 stars or 7 % of the entire population are part of the tidal tails after 6 Myr of dynamical evolution. Here we define stars outside a distance of 3.5 pc to the cluster centre as escapers or equivalently as tidal tail members. The fraction of disc-less stars in the tidal tails remains roughly constant over time at about 5 % and amounts to 267 stars at 6 Myr. The escape rate is not constant but has periodical local maxima that coincide with the cluster's pericentre passages. It's shape is similar for star-disc systems and disc-less stars.
For a deeper understanding of the dynamical history of the disc-less tidal tail stars in the following we investigate the temporal occurrence of three specific types of encounters for each star. The events are referenced to the time of periastron passage of a perturber. At time t max a star experiences the largest normalized disc-mass loss ∆m d due to an encounter. Note that for two events with equal relative disc-mass loss δm d the first one causes a larger normalized disc-mass loss ∆m d , as is evident from Eq. (5). Hence t max marks the event with largest absolute loss of the normalized disc massm d , which is not necessarily coincident with the strongest perturbation of the disc. An event at t dstr marks encounter-induced disc destruction. According to our criterion given in Section 3.2 this is the first encounter that reduces the normalized disc massm d below 0.1. The encountered star is considered to be disc-less subsequently. Finally, the time t last marks the last encounter before escape from the cluster. Note that this does not necessarily imply the event induced an ejection from the cluster. It is possible for a star to be accelerated above escape speed in a previous encounter and to experience only a weak last encounter on its way out of the cluster. However, the low probability for such an event implies that in most cases the encounter at t last is energetic enough to unbind the star from the cluster.
In the following we use the coincidence of these three dynamical events to split the entire set of 267 disc-less tidal tail stars at the end of the simulation, T
• , into four disjoint subsets (marked in Fig. 11 by the symbols given in parentheses):
A contains all the stars that lost their disc in the most perturbing encounter, being simultaneously ejected from the cluster. This implies highly energetic interactions. The difference to subset T • B is that disc destruction for those stars occurred in a subsequent weaker event before escape from the cluster. However, here the last encounter was probably still quite energetic as simultaneous disc destruction and ejection are less probable for a weak interaction. In the third set T • C we group stars with disc destruction before the last encounter. The dynamical history of these stars is potentially quite diverse. The disc might be destroyed in a rather strong encounter that does not immediately lead to ejection from the cluster. This is either because the encounter is not sufficiently energetic to unbind a star residing deep in the cluster potential or the potential escaper is back-scattered in a subsequent encounter. Alternatively, disc destruction is driven by a series of weak encounters. Eventually the disc-less star either evaporates out of the cluster or is ejected via an energetic encounter. Membership in the last subset T • D is restricted to stars with disc destruction after escape from the cluster. The cardinality of the four sets is |T to involve preferentially a massive perturber and rapid ejection from the cluster with high velocity. We expect a similar scenario for members of T • B but a larger fraction of lower perturber masses due to the lower normalized disc-mass loss before ejection. In contrast, most members of set T • C probably do not escape directly after disc destruction but remain bound to the cluster for some time. We expect disc destruction by perturbers of even lower mass without significant acceleration. An interesting consequence of the emptiness of T • D is that disc destruction does not occur in the tidal tails within the first 6 Myr of cluster evolution. In other words all disc-less stars in the tidal tails have lost their disc before escape.
In Fig. 11 we present the dynamical properties of the disc-less tidal tail stars in the three non-empty subsets. Panel a) shows that disc-less tidal tail stars have mostly low mass M 1 (with a median of 0.23 M ) and lose their disc at a small distance r dstr to the cluster centre (with a median of 1 /2R hm ≈ 0.4 pc). Only one very massive star with M 1 > 10 M becomes a disc-less tidal tail star as a member of T • C . However, the distributions of M 1 and r dstr do not differ significantly between the three subsets. In contrast, and as expected, panel b) clearly shows different distributions of perturber masses Figure 7 . Snapshots of the stellar population with encounter-induced disc evolution in the Arches cluster for the orbital model O after 1 Myr of dynamical evolution. The bottom panel shows the full extension of the cluster, the two smaller top panels are zooms of 15 pc box half-width (left) and 3.5 pc box half-width (right), respectively. The grey scale represents the normalized disc massm d ; the origin of the coordinate system marks the cluster centre-of-mass. The symbols represent three different stellar mass ranges: 7 − 120 M (triangle), 0.5 − 7 M (rectangle), and 0.1 − 0.5 M (circle). The underlying calculations take into account the eccentricity of the stellar encounters using Eq. (4). Constant initial disc radii have been assumed for this calculation (see Sec. 3.2). M 2,dstr that caused disc destruction and stellar velocities v dstr after disc destruction. The lowest perturber masses for the three subsets T ≈ 10 km/s is the threedimensional velocity dispersion of model O. We thus conclude that nearly two thirds of the disc-less tidal tail stars lose their disc in a strong scattering event with a massive perturber. However, the distribution of the normalized disc-mass loss ∆m d as a function of the time delay ∆t between disc destruction and escape in panel c) shows that not all of these formal escapers are immediately expelled from the cluster. A fraction of 39/167 stars from the union set T • AB remains in the cluster for more than 1 Myr, even after very strong encounters with ∆m d > 0.9. So even the strongest perturbations do not necessarily lead to the ejection of stars from the cluster. On the other hand does a small fraction of 17/100 stars from set T • C escape within a few 0.1 Myr. In total after 6 Myr 145 of 267 disc-less stars have escaped within 0.5 Myr to become part of the tidal tails. We find no correlation between the normalized disc-mass loss causing disc destruction and the subsequent time to escape from the cluster.
In agreement with the rapid ejection of more than half of the disc-less stars, Figs. 7 and 8 show that there is a clear difference in the spatial distribution of star-disc systems and disc-less stars in the tidal tails. The discpoor stars are preferentially located at large distances perpendicular to the tidal arms (i.e. along the orbital motion), and close to the cluster along the direction of the tidal arms (i.e. radially to the Galactic Centre). This is a consequence of strong interactions that remove disc material and accelerate stars sufficiently to overcome the deep cluster potential and escape in arbitrary directions -not preferentially via the Lagrange points. The specific angular momentum L of these stars is less altered than that of stars escaping radially through the Lagrange . The panels show a) stellar mass M 1 vs. relative distance to the cluster centre after disc destruction r dstr in terms of cluster half-mass radii r rh , b) perturber mass M 2,dstr that caused disc destruction vs. stellar velocity v dstr after disc destruction, and c) normalized disc-mass loss ∆m d vs. time delay ∆t between disc destruction and escape.
points. We demonstrate this effect in Fig. 12 by plotting the relative specific angular momentum of tidal tail stars ∆L = L − L C , where L C is the specific angular momentum of the cluster centre-of-mass. Clearly, the modulus |∆L| is lower for disc-poor stars and thus explains their smaller radial offset by Eq. (1).
As a consequence of the different dynamical history of tidal tail stars we observe the formation of two classes of tidal tails in the present-day cluster ( Fig. 8 ): a shorter "disc-poor" tidal arm pair populated by stars expelled from the cluster and suffering huge disc-mass loss ( 80 %) and the "classical" arms that are formed by stars evaporating though the Lagrange points. This is how -according to our dynamical model -the Arches cluster would appear at present. With time the growing number of stars that are tidally stripped from the cluster mix with the disc-poor escapers and the two types of arms merge into one large structure (Fig. 9) . However, the disc-poor stars still populate two distinct regions: the edge close to the Galactic centre in the trailing arm and the far edge in the leading arm.
SUMMARY AND DISCUSSION
We have investigated the effect of stellar encounters on the evolution of protoplanetry discs using a numerical model of the Arches cluster, one of the most extreme Galactic star clusters observed so far.
Our numerical method is based on a hybrid approach where we combine simulations of pure star cluster dynamics and a parameter study of isolated star-disc encounters.
4 This approach involves necessarily some assumptions and simplifications that potentially mildly overestimate the effect of the encounter-induced perturbations of circumstellar material. Nonetheless, our work represents the most detailed study of the effect of stellar dynamics on the evolution of protoplanetary discs in a starburst cluster so far.
We find that stellar interactions in the Arches cluster are dominated by hyperbolic fly-bys, with more than 70 % having eccentricities ε > 10. This is much different in sparser clusters where nearly parabolic encounters are by far most frequent (Olczak et al. 2010 ). According to Eq. (4) the normalized disc-mass loss in hyperbolic interactions with ε > 10 is reduced by a factor < 0.38 compared to the parabolic case. Consequently, encounters drive the destruction of only about one third of the stellar discs in the cluster core until its present-day age of ∼2.5 Myr. The process continues with reduced efficiency such that after 6 Myr half of the core population becomes disc-less. The extended period of disc destruction in a starburst cluster is again in stark contrast to sparser clusters in which it ceases after roughly 1 Myr due to significant cluster expansion (Olczak et al. 2010) . Note that by neglecting primordial binaries in our models we underestimate the efficiency of disc destruction for three reasons: (i) the larger number of stars increases the probability for encounters, (ii) binaries increase the probability for strong few-body interactions, and (iii) discs are truncated in tight binaries.
The inclusion of a Galactic tidal field in our model of the Arches cluster induces the growth of an extended pair of tidal tails. The fraction of disc-less stars in the tidal tails is nearly constant over time at ∼5 % and hence much lower than in the cluster at ages later than 1 Myr. Only about half of the disc-less tidal tail stars have escaped slowly via the Lagrange points while the other half has been ejected at high speed from the cluster centre directly after disc destruction. These stars are the dominant population of a weaker and shorter second pair of "disc-poor" tidal arms at the present age of the cluster. With time the disc-poor tails mix with the dominant "classical" tails and form new features: a concentration of disc-less stars at the inner edge of the trailing arm and the outer edge of the leading arm.
In fact, we expect that dynamical features arising from strong encounters -such as the disc-poor tidal armscould be even more prominent than shown by our model. For one, as outlined in Section 4.1, our model of the Arches cluster in the Galactic tidal field is slightly underdense such that close encounters are underrepresented in the simulation. Second, we model a population of single stars only and ignore the dynamically important effect of binaries. Assuming the binary fraction in starburst clusters is potentially as high as in clustered star forming regions of lower mass (∼50 %: e.g. Beck et al. 2003; Köhler et al. 2006) , the probability for strong fewbody encounters would increase significantly (Hills 1975; Heggie 1975; Anosova 1986) , boosting the production of high-speed escapers and disc-less stars.
However, one could argue that taking into account additional disc destruction mechanisms that are independent of cluster dynamics could mask the difference between the classical and disc-poor tidal arms. We discuss here shortly the potential contribution from two other important processes. For one, grain growth (van Boekel et al. 2003; Shuping et al. 2006; Brauer et al. 2008; Blum & Wurm 2008; Birnstiel et al. 2010) would hinder detection of protoplanetary discs in the infrared, the only wavelength range available to detect signatures of individual circumstellar discs in the distant Arches cluster. Whether grain growth in its disc population is expected to be as efficient as in the less massive star-forming regions in our solar neighborhood depends on the environmental conditions. Recently, Okuzumi et al. (2011a,b) have shown that dust growth in discs can be suppressed by significant ionization, a probable scenario given the strong X-ray irradiation of the numerous massive stars in the Arches cluster (Cantó et al. 2000; Oskinova 2005 ).
Second, if the radiation field of UV and X-ray photons emitted by massive stars is strong enough to heat the discs efficiently, photoevaporation will drive additional serious disc-mass loss (Johnstone et al. 1998; Adams et al. 2004; Clarke 2007; Gorti et al. 2009 ). However, Stolte et al. (2010) have found a fraction of a few percent of A5V to B0V stars (corresponding to a mass range of 2 − 20 M ) in the Arches cluster that show indisputable features of protoplanetary discs. Regarding its current age of 2.5 Myr and enormous radiation field fed by more than 100 OB stars it seems that photoevaporation was not acting entirely destructive over this period.
So we expect that characteristic features of encounterinduced disc-mass loss -such as the disc-poor tidal arms -could be still apparent at the present age of the Arches cluster. As the velocities of tidal tail stars do not differ by more than 2σ O 3D ≈ 20 km/s from the large space motion of the cluster of ∼200 km/s (see also Fig. 12 ), kinematically they can be well separated from the field star population (e.g. Stolte et al. 2008 ). This makes the Arches cluster a highly interesting observational target to study the combined and distinct effect of photoevaporation and encounters on the evolution of protoplanetary discs in an extreme environment.
Note that observations of the stellar population and its circumstellar discs in this dense and distant cluster require instruments with very high angular resolution θ 0.1 . Unlike successfully performed for the nearby, less dense young star clusters in the solar neighbourhood (e.g. Feigelson & Montmerle 1999; Kastner et al. 2005; Preibisch et al. 2005; Albacete Colombo et al. 2007; Wang et al. 2009 ), members of the young Arches cluster cannot be separated from the older field stars using the Chandra X-ray Observatory because of its limited resolution θ 0.5 . Thus at present the only viable strategy to discern cluster members from field stars is kinematic selection based on long-term proper motion studies.
A natural extension of such a study would include the ∼4 Myr old, more extended Quintuplet cluster, that has been considered to be the Arches cluster's "older borther" (Figer et al. 1999) . Indeed, core collapse of our cluster model at 2.5 Myr induces significant expansion (see Fig. 2 ), naturally explaining the two starburst clusters as different evolutionary stages emerging from the same initial conditions. Hence the Quintuplet cluster represents the ideal observational target to verify the future evolution of the Arches cluster as predicted by our simulation. The characteristic concentration of disc-less stars at the edges of the extended tidal arms provides a critical test.
We have thus initiated a multi-epoch K-band campaign and L-band photometry of the Arches and the Quintuplet cluster to obtain a kinematically selected membership sample required to observationally detect the characteristic disc-poor tidal features.
However, we note that near-infrared surveys are not ideal to trace the predicted spatial gradients in disk fractions. This is because this wavelength regime is dominated by emission from the inner disc regions (at 1 AU from the central star) while the encounter-induced discmass loss studied here mostly removes material from the outer disc parts (at ∼100 AU). Hence, ideally, observations would be carried out at millimeter wavelengths. The instrument of choice for this purpose is ALMA as it provides the high spatial resolution (θ ≈ 0.1 ) required to resolve individual sources in the starburst clusters at the Galactic Centre. and the polar equation of a conic section,
